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Introduction
Like rotating particles, the total angular momentum of massless photon can be divided into spin and orbital angular momentum 1 . More than one hundred years ago, Poynting 2 reasoned that the spin angular momentum (SAM), defined values (S=±ħ, ħ is the reduced Planck constant), was related to the left-or right-handed circular polarization.
However, only two decades ago, Allen 3 et al. recognized that the orbital angular momentum (OAM) was carried by a paraxial Laguerre-Gaussian beam with helical phase wavefronts. The OAM of light can be evaluated by L=lħ, where the integer l is the topological charge and its sign indicates the handedness of helical wavefront. These orthonormal OAMs with unbounded values have been extensively used in optical tweezers 4 , quantum entanglement 5, 6 , optical communications 7 , micro/nanofabrication 8 , and sensing 9 .
Chirality, describing the symmetry properties of an object, is quite ubiquitous in nature. A chiral object cannot be superposed with its mirror by rotations or translations, such as hands, DNA, proteins, seashells, or spiral staircases 10 . Apart from direct observation of geometric features, three-dimensional contour of chiral structures can also be probed via a different response to right-and left-handed circularly polarized (RCP and LCP) light 10, 11 . The chiral optical response in terms of a polarizationdependent extinction coefficient is called as circular dichroism (CD), which is a powerful tool to investigate molecules in biology, chemistry, and material science. Yet most natural chiral molecules generally possess extremely weak CD response, where the dimensions of chiral molecules are much smaller than the wavelength-scale helical pitch of circularly polarized light 12 . Recent works have discussed to enhance the CD response by matching the chiral scales of materials and the helical pitch of circularly polarized light, such as chiral metamaterials 11, 13 , or superchiral light 14 . Nevertheless, the CD spectroscopy using SAM of light is still inconvenient and expensive for chiral materials with different sizes, which requires tunable laser sources and assorted optics for the scale matching. Therefore, developing a wavelength-independent approach for chiral detection might benefit the fields such as biology, chemistry and optics.
Consequently, the OAM of light is taken as an alternative way to probe the chirality of microscopic objects. The attempt to detect chirality of objects by using the OAM of light has failed in a long period 15, 16 . Nevertheless, substantial efforts have recently been made to face the challenge. For example, OAM has been used to induce CD in an achiral nano-aperture with its angular momentum broken the mirror symmetry of input beams 17 . Furthermore, by using unique plasmonic nanoparticle aggregates to enhance the electric quadrupole fields, OAM can engage with chiral molecules to discriminate enantiomers 18 . However, such an indirect approach employing other auxiliary structures leads to the weak helical dichroism (HD~0.6%) and the underlying mechanism of HD remains cursory. Therefore, it is of practical significance to propose a new paradigm that can directly induce a strong HD for the discrimination of chiral structures.
Here, we show for the first time direct observation of a giant HD arising from the strong interaction between chiral microstructures and focused OAM beams. The HD response is symmetric for two enantiomers, where the HD values are equal in magnitude but opposite in sign. We experimentally obtained the maximum HD of 120%, which is enhanced by 200 times compared with previous report. The dependence of HD response on the dimension of chiral structures has been investigated, exhibiting a robust behavior to extend its applications beyond the regimes explored by CD response, which also shows the capability of remotely measuring the chirality of macroscopic objects in astronomy.
Results and discussion
Principles of strong HD effects. The mechanism of our proposed HD is clearly distinguished from the traditional CD spectroscopy that employs the different response between LCP and RCP light over a range of wavelength, as shown in Fig. 1a . Firstly, the peak wavelength of CD spectroscopy is comparable or larger than scales of chiral structures 19, 20 , whereas the HD locates at matching the scales of chiral structures and OAM beams (see Fig. S3 ). Secondly, compared to SAM with only two state, the theoretically unlimited OAM provides another dimension for detecting the chiral structures instead of wavelength. Therefore, the HD spectra of different chiral structures can be available by implemented as a function of OAM values to avoid changing the wavelength λ. Thirdly, the HD spectra are located at the diagonal section of CD response region (Fig. 1b) . The peak wavelength of CD spectroscopy is red-shifted to a larger diameters of chiral structure, but keeping in the zone of D<λ 11, 19, [21] [22] [23] [24] [25] . In this study, the HD spectra of chiral structures are generated at the wavelength smaller than the diameters of chiral microstructures. Namely, the HD peaks are in the zone of D>λ, which is still an unexplored region. The simple and intuitive diagram can be used to understand the CD and HD response behaviors on dimensions of chiral structures.
Notably, all HD measurements in our proposal can be achieved at the same wavelength, which reduces the requirement of broadband sources and assisted waveplates.
To understand the origin of the HD response, we study the interaction between OAM beams and chiral structures. Distinguishing from previous results 16, 18 , the dimensions of chiral microstructures used in our experiments are comparable to OAM beams. Figure 1c To avoid conventional CD effect, a linearly polarized light is used in our experiment. The interaction between helical wavefronts and chiral geometry can be obtained by measuring the asymmetric reflectance as a function of topological charge l. For the left-handed microstructure, light with RHW has stronger reflectance than that with LHW when the topological charge ranges |l| from 5 to 65, as shown in Fig. 2e . In contrast, the right-handed microstructure obtains more reflectance under the LHW illumination compared with the RHW case (see Fig. 2f ). Both results show that the reflectance from microstructure with different chirality behaves oppositely, which implies the emergence of HD phenomenon. As a control experiment, an achiral microstructure has the same reflectance for both cases of RHW and LHW illumination, as observed in Fig. 2g . Moreover, the difference of reflectance is independent on the polarization of vortex beam, and has been observed with both linearly and circularly polarized light (see Fig. S7 ).
Measurement of HD spectrum.
It is instructive to compare qualitatively the CD response of two enantiomers from different systems with Kuhn's g-factor 29, 30 . To evaluate the effect quantitatively, we calculate HD by the following dissymmetry factor defined as 18, 24 HD(%) = − ( + )/2 × 100 (1) where IR and IL are the experimental reflection intensity under the RHW and LHW illumination, respectively. In Fig. 3 The linearly variant diameters of focused vortex beams offer a path to unveil the connection between chiral geometry and HD spectra. With the increment of topological charge |l|, the HD spectrum at a given diameter D increases from zero to its maximum because the doughnut-shape profiles enlarges and their interacting area shifts from the center to outer region. But the HD spectrum begins to drop from the maximum when the outmost boundary of doughnut-shape profile is larger than D, which implies that one part of vortex beam is incident on the area outside the chiral microstructure.
Intuitively, the reflected intensity profiles for vortex beams with opposite topological charges l provide a straightforward illustration for the HD generation (see Fig. S12 ).
To further elucidate the HD mechanism, we investigate the HD response under In our measurements, the maximum HD is located at H=21.4 μm, where a strong interaction occurs by matching the scale of chiral microstructure and helical pitch of helical phase wavefront. However, the critical points maintain at |l|=60 because of the fixed diameter of chiral microstructures, as shown in Fig. 5d . The analyses of HD spectra can also be applied to guide the design of chiral structures and predict their HD properties qualitatively and quantitatively.
Conclusions
In this study, we have observed a giant HD on a chiral meso-structure induced by optical Geometry of chiral microstructures. To define chiral microstructures using twophoton polymerization, we exploit the following parameterization in Cartesian coordinates:
which defines right-handed (+) and left-handed (-) microstructures of diameter D, cross-sectional width 0 =2 μm and helical pitch H.
Sample preparation and characterization.
A commercially available zirconium-silicon hybrid sol-gel material (SZ2080), provided by IESL-FORTH (Greece), was used in our experiment and was negligibly shrinkable during structuring compared with other photoresists. The pre-baking process used to evaporate the solvent in the SZ2080 was set to a thermal platform at 100 ℃ for 45 min. After polymerization under illumination of a femtosecond laser, the sample was developed in 1-propanol for half an hour until the entire portion without polymerization was washed away. The SEM images were taken with a secondary electron scanning electron microscope (ZEISS EVO18) operated at an accelerating voltage of 10 keV after depositing ~10 nm gold.
Details of the experiment measuring HD spectrum. After positioning the chiral meso-structure to the center of optical vortex, the reflected intensity profiles by addressing their topological charges were caught by a CCD (Panasonic WV-BP334 camera having 768×576 pixels with the acquisition time of 500 ms). The laser power measured after an iris was 0.5 mW for clarity of the optical images. These optical images were gathered over 30 min per measurement of chiral meso-structure. This approach excludes time-dependent effects from the measured signals, showing the robust behavior.
Numerical simulation of field distribution under the objective. Under the paraxial approximation, the electric field of an optical vortex beam can be described as
where ω(z) is the radius of beam, = •̂ is the horizontal polarization vector, and r, φ, z are the cylindrical coordinates 3 . When the beam waist (where = 0 in Eq. (3)) is located at the back aperture plane of a high-NA objective lens, the electric field distribution on the focal plane can be simulated by using vectorial Debye diffraction theory 35, 36 ⃗ ( 
